A mathematical model is developed to examine the effect of chemical reaction on MHD mixed convective heat and mass transfer flow of a couple-stress fluid in vertical porous space in the presence of a temperature dependent heat source with travelling thermal waves. The dimensionless governing equations are assumed to be made up of two parts: a mean part corresponding to the fully developed mean flow, and a small perturbed part, using amplitude as a small parameter. The analytical solution of the perturbed part has been carried out using the long-wave approximation. The expressions for the zeroth order and the first order solutions are obtained and the results of the heat and mass transfer characteristics are presented graphically for various values of parameters entering into the problem. It is noted that velocity of the fluid increases with the increase of the couple stress parameter and increasing the chemical reaction parameter leads suppress the velocity of the fluid. Cross velocity decreases with an increase of the phase angle. The increase of the chemical reaction parameter and Schmidt number lead to decrease the fluid concentration. The hydrodynamic case for a non-porous space in the absence of the temperature dependent heat source for Newtonian fluid can be captured as a limiting case of our analysis by taking α → Keywords: mixed convection, wavy walls, porous space, couple-stress fluid and chemical reaction.
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Mixed convection flow in a vertical channel has attracted much attention because of its practical applications. These include cooling of electronic equipment, heat exchangers, chemical processing equipments, gas-cooled nuclear reactors and others. Tao [1] studied the laminar, fully developed mixed convection in a vertical channel with uniform wall temperatures. Later, Aung and Worku [2] discussed the theory of combined free and forced convection in a vertical channel with flow reversal conditions for both developing and fully developed flows. Due to its widespread applications, several authors have studied the
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The study of couple-stress fluids has applications in a number of processes that occur in industry such as the extrusion of polymer fluids, solidification of liquid crystals, cooling of metallic plate in a bath, exotic lubricants, and colloidal solutions, etc. The constitutive equations for couple-stress fluids are given by Stokes [12] . The theory proposed by Stokes is the simplest one for micro-fluids, which allows polar effects such as the presence of couple-stress, body couple, and non-symmetric tensors. Various studies on couple stress fluid have been made under different physical aspects. However, some recent contributions in the field may be mentioned in Refs. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . Mekheimer [17] analyzed the MHD flow of a conducting couple stress fluid in a slit channel with rhythmically contracting walls. Sobh [18] studied the effect of slip velocity on peristaltic flow of a couple-stress fluid in uniform and non-uniform symmetric channels using long wavelength approximation. Srinivasacharya et al. [19] have reported the incompressible laminar flow of a couplestress fluid in a porous channel with expanding or contracting walls using similarity transformation. Pandey and Chaube [20] have studied the wall properties on peristaltic transport of a couple-stress fluid using perturbation technique. More recently, Nadeem and Akram [21] have examined the peristaltic transport of a couplestress fluid in an asymmetric channel with the effect of the induced magnetic field under the assumptions of long wave length and low but finite Reynolds number.
Mixed convection flows with simultaneous heat and mass transfer under the influence of a magnetic field and chemical reaction arise in many transport processes both naturally and in many branches of science and engineering applications. Some recent interesting contributions on this topic can be found in the studies [22] [23] [24] [25] [26] [27] . Pal and Talukdar [26] have analyzed the unsteady magnetohydrodynamic convective heat and mass transfer in a boundary layer slip flow past a vertical permeable plate with thermal radiation and chemical reaction using perturbation technique. Hayat et al. [27] have described the unsteady flow with heat and mass transfer characteristics in a third grade fluid bounded by a stretching sheet. Most recently, Srinivas and Muthuraj [28] have examined the effects of chemical reaction and space porosity on MHD mixed convective flow in a vertical asymmetric channel with peristalsis. They considered the flow is examined in a wave frame of reference moving with the velocity of the wave. The channel asymmetry is produced by choosing the peristaltic wave train on the walls to have different amplitude and phase. To the best of our knowledge, no investigation has been made to analyze the heat and mass transfer effects on MHD flow of couple stress fluid in a vertical channel with chemical reaction. Keeping this in view and motivated by the earlier studies, an attempt has been made to understand the combined effects of chemical reaction and temperature dependent heat source on MHD flow of a couple stress fluid in a vertical wavy porous space with traveling thermal waves. The governing equations of the problem are solved by the perturbation technique using amplitude as a small parameter. The results for flow, heat and mass transfer characteristics have been discussed in detail with the help of graphs.
FORMULATION OF THE PROBLEM
Consider the unsteady, mixed convective heat and mass transfer, MHD flow of a couple stress fluid between two vertical wavy walls embedded in a porous medium. We consider the wavy wall in which the x axis is taken vertically upward, and parallel to the direction of buoyancy, and the y axis is normal to it The governing equations for this problem are based on the balance laws of mass, linear momentum and energy modified to account for the presence of the magnetic field, thermal buoyancy and heat generation or absorbing effects. These can be written as:
The boundary conditions of the problem are: where
C , B 0 is the transverse magnetic field, D m is the coefficient of mass diffusivity, u and v are velocity components, C is the concentration, K is the thermal conductivity of the fluid, k 1 is the first order chemical reaction rate, T is the temperature, p is the pressure, ρ is the density, μ is the dynamic viscosity, ϑ is the phase angle, ν is the kinematic viscosity, ϕ is the porosity of the medium, k is the permeability of the medium, σ is the coefficient of electric conductivity, η is a constant associated with the couple stress, β c is the concentration expansion coefficient, β t is the thermal expansion coefficient, g is the gravitational acceleration, ω is the frequency, T 1 and T 2 are the wall temperatures, C 1 and C 2 are the wall concentrations.
We introduce the non-dimensional variables:
Invoking the above non-dimensional variables, the basic field Eqs. (1)- (7) can be expressed in the non-dimensional form, dropping the asterisks:
The corresponding boundary conditions are: (15) where 2 /ν is a chemical reaction parameter. It has been assumed that the solution consists of a mean part and a perturbed part so that the velocity, temperature and concentration field are [3, 9] : x y t y x y t (16) where the perturbed quantities u 1 , v 1 , θ 1 , φ 1 and p 1 are small compared to their mean quantities u 0 , v 0 , θ 0 , φ 0 and p 0 , respectively.
SOLUTION OF THE PROBLEM
In view of the form of Eq. (16), the governing Eqs. (9)- (15) 
where
The boundary conditions become: (21)- (24) and eliminating pressure gradients, we get: 
The boundary conditions (28) and (29) 
We assume that the solution in the form: with the boundary conditions: 
At the wavy walls y = -1 + εcos(λx+ϑ) and y = 1 + εcosλx, the skin friction τ xy becomes: The heat transfer coefficient, characterized by Nusselt number (Nu) on the tube boundary is:
In dimensionless form it becomes:
At the wavy walls y = -1 + εcos(λx+ϑ) and y = 1 + εcosλx, the Nusselt number becomes: 
The dimensionless mass transfer number corresponding to the Nusselt number is the Sherwood number, written as Sh y
At the wavy walls y = -1 + εcos(λx+ϑ) and y = 1 + εcosλx, Sherwood number becomes: 
respectively, where:
and R.P denotes the real part.
RESULTS AND DISCUSSIONS
In order to get a clear insight of the physical problem, the heat and mass transfer characteristics of Figure 2a shows that the velocity profiles decrease with an increase of the strength of the magnetic field. As M increases, the Lorentz force, which opposes the flow, also increases and leads to enhanced deceleration of the flow. The effect of the permeability parameter on u is illustrated in Figure 2b . As anticipated, the increase of permeability parameter reduces the drag force and hence causes the flow velocity to increase. Figure 2c is sketched to understand the influence of heat source parameter (α 1 ) on velocity distribution. It shows that the velocity increases significantly with increasing α 1 . A similar effect to that is shown in Figure 2d , if α 1 is replaced by couple stress parameter (a). The influence of chemical reaction parameter (γ) on u is shown in Figure 2e .
It shows that increasing γ lead to suppress the velocity. The effect of Gr on velocity is shown in Figure 2f . It depicts that the velocity enhances with an increase of Gr. This is because increasing the buoyancy ratio tends to accelerate the fluid flow.
The cross velocity (v) is plotted in Figure 3 for different values of ϑ, α 1 and Sc. Figure 3a depicts how cross velocity decreases with an increase of ϑ. Figure 3b displays that in the presence of α 1 , the fluid velocity decreases. In Figure 3c , increasing Sc velocity profiles are decreased steadily near the walls, while in center of the channel u is an increasing function of y. The behavior of temperature profiles for different values of α 1 is shown in Figure 4 . It is well known that the heat generation (i.e., α 1 > 0) causes the fluid temperature to increase, which has a tendency to increase the thermal buoyancy effects. On the other hand, heat absorption (i.e., α 1 < 0) produces opposite effect.
The effect of γ and Sc on concentration distribution is analyzed through Figure 5 . To be realistic, the values of Schmidt number are chosen to be 0.5, 0.6, 0.78, 1 and 2 (which corresponds to hydrogen gas, water vapor, ammonia, carbon dioxide at 25 °C, and ethyl benzene in air, respectively). Figure 5a indicates that φ decreases significantly with both γ and y. A similar result can be observed in Figure 5b , if γ is replaced by Sc. The variation in skin friction (τ) for various values of γ and a is displayed in Figure 6 . Figure 6a displays skin friction decreases with increasing γ at both the walls. Also, it may be noted that skin friction enhances with an increase of G c while it decreases with increasing γ at the wall y = -1 whereas skin friction decreases with increasing γ as well as G c at the other wall y = 1. The reverse trend can be seen for the case of increasing the value of couple stress parameter, as shown in Figure 6b .
The effects of various values of Pron Nusselt number distribution have been shown in Figure 7 . Figure 7a illustrates that Nusselt number enhances with increase in value of Pr and α 1 at the wall y = 1 but it is reversed at the other wall y = -1. From Figure 7b , we may note that Nu decreases with increasing ϑ at both the walls. Further we observe from the same figure that
Nu increases with an increase of α at the wall y = -1 but the opposite effect can be noticed at the other wall. Figure 8 illustrates the effect of Sc and γ on Sherwood number distribution at the channel walls. It reveals that an increase in γ leads to increase in the rate of mass transfer.
CONCLUSIONS
The problem of MHD mixed convective heat and mass transfer flow of a couple-stress fluid in a vertical wavy porous space in the presence of chemical reaction and temperature dependent heat source with travelling thermal waves has been studied. Such flow analysis plays an important role in many engineering applications, such as oil recovery, food processing, paper making and slurry transporting. The dimensionless governing equations are perturbed into: mean (zeroth-order) part and a perturbed part, using amplitude as a small parameter. Analytical solutions for velocity, temperature and concentration field have been obtained. The heat and mass transfer characteristics on fluid flow are discussed with the help of graphs. The main findings are summarized as follows.
• The velocity of the fluid increases with an increase of D a , α 1 and a while it decreases with increasing M and γ.
• Increasing α 1 leads to enhance fluid temperature.
• The parameters γ and Sc lead to decrease the fluid concentration.
• Increasing γ lead to decrease skin friction at both the walls. Increasing G c lead to increase τ at the wall y = -1 but the opposite trend can be seen at the other wall.
• Sherwood number decreases with an increase of Sc at the wall y = -1 while it increases at the other wall. 
